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Abstract 
The rate of photophosphorylation of isolated chloroplast thylakoids was investigated at a clamped ApH of 2.5 ( A~ = 0). On variation 
of the concentration f ADP at different fixed concentrations of phosphate, straight lines were obtained in double-reciprocal plots which 
intersected in one point below the x-axis. Upon variation of the phosphate concentration at several fixed concentrations of ADP, similar 
kinetics were found. These results indicate a random order of binding of the two substrates. Calculation of the dissociation constants and 
Michaelis constants from these two sets of data according to a bisubstrate rapid equilibrium random model yielded satisfactory agreement. 
The kinetic constants were found to be unchanged by thiol modulation or demodulation of CFoCF I. The kinetics of inhibition of 
phosphorylation by the product ATP indicated a competitive ffect with regard to ADP as well as phosphate. At a given substrate 
concentration, the inhibition by ATP was larger at lower than at higher concentration f the respective cosubstrate. These results fully 
confirm the proposed random mechanism. 
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1. Introduction 
Photophosphorylation f chloroplasts is driven by an 
electrochemical proton gradient across the thylakoid mem- 
brane which is built up by photosynthetic electron trans- 
port, and catalyzed by a reversible proton translocating 
ATPase. This enzyme, which is a constituent of the thyl- 
akoid membrane, consists of the membrane-integral sector 
CF 0 which acts as a proton channel, and the extrinsic 
hydrophilic part CF 1 which carries the catalytic enters [1]. 
While ATP is formed, protons are translocated through the 
ATPase complex. The H+/ATP  stoichiometry has been 
determined in the past to be 3 [2-4], but more recently a 
ratio of 4 [5] was reported. 
The mechanism of coupling of proton flow with ATP 
formation has not been definitively understood. Probably 
Abbreviations: CFoCF a, proton translocating ATPase ('ATP synthase') 
of the thylakoid membrane of chloroplasts; Chl, chlorophyll; ApH, 
transthylakoidal pH difference; Tricine, N-[2-hydroxy-l,l-bis(hydroxy- 
methyl)ethyl]glycine. 
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energy coupling includes conformational changes of the 
protein as proposed by Boyer and his co-workers [6]. 
According to the so-called 'energy-linked binding change 
mechanism' the energy of the transmembrane proton gradi- 
ent is invested to bind the substrates and release the 
product rather than to facilitate the formation of the phos- 
phoanhydride bond. A variety of experimental results speak 
in favor of this hypothesis (review in Ref. [6]). 
The kinetics of photophosphorylation a d oxidative 
phosphorylation have often been investigated, but with 
partly diverging results. A difficult problem is the mainte- 
nance of the proton gradient, particularly at limiting elec- 
tron transport. The extent of the transmembrane proton 
gradient is a function of the rate of proton influx driven by 
light-dependent electron transport on one hand, and the 
rates of nonproductive and coupled proton effiuxes on the 
other hand. Increase of the concentrations of ADP and 
phosphate stimulates proton efflux due to acceleration of 
phosphorylation and thus causes a drop of the steady-state 
proton gradient. As emphasized by several authors [7-10], 
the validity of enzyme kinetic data obtained at non-con- 
stant driving force may be challenged. 
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Recently, we have introduced a method to keep the 
proton gradient constant, independent of the experimental 
conditions (' ApH clamp') [10]. It is based on the idea that 
the gradient will be maintained if changes of the rate of 
proton efflux are balanced by exactly the same alterations 
of proton influx. In chloroplasts, the rate of proton influx 
can be easily changed by modulation of the intensity of the 
photosynthetic l ght. Kinetic changes of the proton gradi- 
ent can be conveniently monitored by the fluorescence of
9-aminoacridine [11]. Our ApH clamp technique mploys 
the fluorescence of 9-aminoacridine asmeasuring parame- 
ter in an electronic feedback circuit. As expected, the 
kinetics of photophosphorylation obtained at clamped pro- 
ton gradient were rather different from those obtained at 
the same light intensity [10]. 
The binding order of the two substrates ADP and 
phosphate in phosphorylation is a characteristic attribute of 
the catalyst CFoCF r On the basis of inhibition studies with 
thiophosphate and the thiophosphate analogue of ADP, 
adenosine 5'-O-(2-thiodiphosphate), a compulsory order 
with binding of ADP preceding the binding of phosphate 
was proposed for photophosphorylation [12]. Enzyme ki- 
netic analyses on mitochondrial nd bacterial vesicles, on 
the other hand, indicated a random mechanism for oxida- 
tive phosphorylation [13,14]. In the present study we have 
employed our ApH clamp technique to approach this 
problem again by kinetic experiments on isolated chloro- 
plast thylakoids under energetically defined conditions. 
2. Experimental 
2.1. ApH clamp instrument 
The ApH clamp instrument was described in Ref. [10]. 
As a modification, the electronic feedback controller was 
replaced by a computer-sustained device with appropriate 
software. An IBM-compatible personal computer was 
equipped with a 12-bit analog/digital and 12-bit 
digital/analog converter. The program, being an imple- 
mentation of a proportional-differential controller, was 
written with the compiler MS-Quick-Basic. The digital 
controller affords faster and more sensitive regulation dy- 
namics. Moreover, the modified instrument allows auto- 
matic correction for the artificial quench of the 9- 
aminoacridine fluorescence signal caused by ADP or ATP 
[10]. To this end, a quench curve was stored in the 
computer. 
2.2. Methods 
Chloroplast hylakoids were isolated from freshly har- 
vested spinach leaves as described in Ref. [15]. The reac- 
tion medium consisted of 25 mM Tricine buffer (pH 8.0), 
50 mM KC1, 5 mM MgCI 2, 50 /xM pyocyanine, 50 nM 
valinomycin, 10 mM glucose and 20 U m1-1 hexokinase 
(salt-free, Sigma) and contained chloroplasts at a final 
chlorophyll concentration f 25 /zg/ml. The final volume 
was 2.5 ml, the temperature was 20 ° C. When thiol-mod- 
ulated thylakoids were employed, the medium contained 
additional 10 mM dithiothreitol. 
For detection of ApH (A~ is cancelled by valino- 
mycin/K +) the basal fluorescence and then the maximal 
fluorescence following the addition of 5 /xM 9-aminoacri- 
dine are stored in the computer. Subsequently the thyl- 
akoids are preilluminated for 2 min at full light intensity 
(= 400 Wm -2 red light > 630 nm). After decay of the 
fluorescence signal, the controller unit is activated to find 
the light intensity necessary to establish the prechosen 
steady-state ApH of 2.5 units. After 2 min, phosphoryla- 
tion is started by the addition of ADP and [32p]phosphate 
at the indicated concentrations. This addition gave rise to 
an immediate increase of light intensity to keep the ApH 
constant. Four samples were taken within the following 30 
s, immediately deprotonized by 0.5 M HC104 and stored 
on ice. The ADP-regenerating hexokinase system was 
included to avoid accumulation of ATP and exhaustion of 
ADP. However, in the experiments in which inhibition of 
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Fig. 1. Rate of photophosphorylation s function of the ADP concentra- 
tion at a constant phosphate concentration of 10 mM (upper part) and as 
function of phosphate concentration at a constant ADP concentration of 
0.5 mM (lower part). The AtpH was clamped at2.5 units, the chloroplasts 
were unmodulated. The results how original data of two individual 
experiments. The curves are computed hyperbolic fittings. 
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phosphorylation by ATP was assayed, hexokinase and 
glucose had to be omitted. In these experiments, rates were 
mathematically corrected by the method of Lee and Wil- 
son [16]. The formed 32p-labeled ATP or glucose 6-phos- 
phate, respectively, was determined by separation of inor- 
ganic from organic [32p]phosphates [17] followed by mea- 
surement of Cerenkov radiation. 
For quantification of the 9-aminoacridine fluorescence 
signal, the equilibrium phosphate potential calibration 
method [18] was employed. In the calculation an H+/ATP, 
stoichiometry of 4 [5] instead of 3 was used. This de- 
pressed the previously employed ApH scale [10,18,19] by 
about 0.6 units. 
3. Results 
3.1. Variation of substrate concentrations 
Photophosphorylation of non-modulated or thiol-mod- 
ulated thylakoids measured at clamped ApH as function of 
ADP concentration (5 to 500/zM) or phosphate concentra- 
tion (50 ~M to 10 mM) yielded hyperbolic urves. Fig. 1 
shows two examples. ATP hydrolysis of thiol-modulated 
thylakoids measured as function of ATP concentration (5
to 500 ~M) likewise yielded hyperbolic curves (not 
shown). These results indicate that the proton transport- 
coupled ATPase reaction in forward and backward irec- 
tion apparently follows the Michaelis-Menten theory. In 
previous studies we have demonstrated that at clamped 
ApH the Michaelis constants for ADP [19,20] and for 
phosphate [10] were independent of the extent of the 
proton gradient in the range employed, although Urea x 
increased exponentially with ApH. These results led to the 
conclusion that binding and dissociation of a substrate (at 
cosubstrate saturation) were fast processes in comparison 
with the rate-limiting reaction, which allowed us to apply 
the mathematics of a rapid equilibrium enzyme mecha- 
nism. It should be noted that an increase of the K m for 
ADP was reported at high proton gradients [21], a result 
which was interpreted to indicate diffusion limitation. This 
ApH range, however, was instrumentally not available in 
our experiments. 
In a bi-substrate rapid equilibrium enzyme reaction, the 
order of binding of the two substrates may be discrimi- 
nated by analyzing reaction rates as a function of the 
concentration of one substrate at several fixed concentra- 
tions of the other substrate and vice versa. In this study we 
have employed thiol modulated and non-modulated thyl- 
akoids. For thiol modulation, the thylakoids were preillu- 
minated in the presence of DTT, a treatment by which a 
disulfide group is reduced to a dithiol group in the 3' 
subunit of CF 1 [22]. Subsequently, the rates of phospho- 
rylation were assayed as function of substrate concentra- 
tions at a clamped ApH of 2.5. 
Fig. 2a shows Lineweaver-Burk diagrams of phospho- 
rylation by thiol-modulated thylakoids as function of the 
concentration fADP at four different fixed concentrations 
of phosphate. In Fig. 2b the inverse experiment (variation 
of phosphate concentration at three fixed ADP concentra- 
tions) is shown. In both series the straight lines intersect at 
one point located below the x-axis. The symmetric kinetics 
obtained at variation of ADP or phosphate, respectively, 
exclude a compulsory order of substrate binding, but is a 
characteristic feature of a random mechanism. In an or- 
dered rapid equilibrium mechanism the apparent Michaelis 
constant for the leading substrate would approach zero 
when the following substrate approaches saturation, and 
upon variation of the second substrate, the maximal veloc- 
ity would be independent of the concentration of the 
leading substrate. Accordingly, the intersection points 
would be above rather than below the x-axis. Fig. 3 shows 
Lineweaver-Burk plots of phosphorylation by non-mod- 
ulated chloroplasts as function of phosphate concentration 
at three different ADP concentrations. The principal simi- 
larity to the results of Fig. 2b is obvious. 
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Fig. 2. Lineweaver-Burk plots of photophosphorylation  clamped ApH 
of 2.5 with thiol-modulated hylakoids (a) as function of ADP concentra- 
tion at four different phosphate concentrations: 0.1 mM (open squares), 
0.2 mM (open circles), 0.5 mM (filled squares) and 5 mM (filled circles), 
(b) as function of phosphate concentration at three different ADP concen- 
trations: 27 /zM (open circles), 54 #M (open squares) and 550 /zM 
(filled circles). The points are mean values of six (a) and four (b) 
independent experiments, respectively. 1/v is given in (mg Chl) h 
(mmol ATP)- 1. 
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The bisubstrate rapid equilibrium random mechanism 
may be described by the following reaction scheme: 
E 
E-ADP 
E-Pi 
Because of the symmetric character of the reaction scheme 
the rat ios KmADP/Kd ADP and P P Km/K d must be identical. If 
this ratio is designated a, Km ADP = aKa ADP and Km P = aKff. 
The rate equation may be expressed as follows: 
[ADP][Pi] Vmax 
v = ot(KdA°P[Pi] + KdADPK~ + K~'[ADP]) + [ADPI[Pi] 
The apparent Michaelis constants  K~n ADP and K~ at 
given concentrations of the cosubstrates [Pi] or  [ADP] ,  
respectively, are obtained by 
K "ADP= c~K~'DP([Pi] +KP)/([Pi]  + aK~') 
and 
K~ = aKdP([ADP] + KdADP)/([ADP] + aKd ADP) 
These equations indicate that the apparent Michaelis 
constant extrapolates to the dissociation constant at zero 
concentration of the cosubstrate. The apparent Michaelis 
constant, on the other hand, approaches the true Michaelis 
constant when the enzyme is saturated with the second 
substrate, i.e., when [Pi] >> Kff or [ADP] >> Kd ADP, respec- 
tively. The parameters Kd ADP, Km ADP = aKo ADP, K if, KPm = 
aK~ and Vm~ x can be determined from secondary plots. 
To this end, the slopes (s) and the intercepts on the y-axis 
(i) of the Lineweaver-Burk diagrams are plotted as func- 
tion of the reciprocal of the respective cosubstrate concen- 
tration. These plots again yield straight lines with slopes s s 
and s~ and y-axis intercepts i s and i i, respectively (Table 
1). When ADP is the variable substrate, the constants are 
E-ADP,Pi ~ E + ATP 
obtained as follows: K~ 'DP= ss/s i, Km ADP-- i J i  i, K ff = 
Ss//is, gm P = si/ / i i ,  Vma x = 1/ i  i [23]. Correspondingly, the 
five parameters can be obtained from secondary plots of 
the experiments with Pi as the variable substrate. The 
constants obtained from the three sets of experiments are 
listed in Table 1. For thiol-modulated chloroplasts the 
parameters computed from the two different experimental 
series are in good agreement. Moreover, the dissociation 
and the Michaelis constants obtained for non-modulated 
chloroplasts match with those obtained with modulated 
chloroplasts. The maximal velocity of photophosphoryla- 
tion at ApH of 2.5, on the other hand, is lower by a factor 
of 4-5 with non-modulated than modulated thylakoids. 
The Michaelis constant for ADP (47-65 /.~M) is in the 
range of K m values determined at constant high light 
intensity in cyclic photophosphorylation [12,24] or at con- 
stant proton gradient [19]. The actual substrate, however, 
probably is the ADP-Mg complex rather than free ADP 
[25,26]. Under our conditions (12.5 to 275/xM ADP in the 
presence of 5 mM Mg 2÷), the calculated complex concen- 
tration is nearly constantly lower by 8 to 9% than the total 
ADP concentration if a complex dissociation constant of 
4.57.10-4 (own determination, unpublished) is used, and 
less than 3% lower if a dissociation constant of 1.25 • 10 -4 
[26] is used. Hence, the g m for the ADP-Mg complex may 
be slightly lower [26]. The K m value for phosphate (0.8- 
0.9 mM) is somewhat higher than that determined at 
uncontrolled proton gradient [12,26], but agrees well with 
the values determined atdamped zapH [10,27]. 
Figs. 2 and 3 show that the apparent K m values for 
ADP increase with increasing concentration f phosphate 
Table 1 
Kinetic parameters calculated from the results of Figs. 2 and 3 
[ADP] varied; reduced enzyme [Pi ] varied 
reduced enzyme oxidized enzyme 
K~ P [/xM] 16 
Km ADP [/zM] 65 
K ff [mM] 0.21 
Km P [mM] 0.82 
Vma x [ /~mol  (mg Chl) - 1 h-  1] 417 
ADP ADP K m /K  d 4.1 
P P Km/K  d 3.9 
17 14 
50 47 
0.28 0.27 
0.86 0.88 
400 91 
2.9 3.3 
3.1 3.3 
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Fig. 3. Lineweaver-Burk plots of photophosphorylation withnon-mod- 
ulated thylakoids at clamped ApH of 2.5 as function of phosphate 
concentration at 25 /xM (open circles), 50 /zM (open squares) and 500 
/zM (filled squares) ADP. The values are means of 4 independent 
experiments. 1/v is given in (mg Chl) h (retool ATP) -j . 
and vice versa, indicating that under the conditions em- 
ployed the affinity for one substrate decreases as a conse- 
quence of binding of the other substrate. The ratio, o4 
between the Michaelis constants and the dissociation con- 
stants is in the range of 3 -4  (Table 1). 
3.2. Product inhibition 
Another means to discriminate between a compulsory 
and a random order of substrate binding is by the kinetics 
of product inhibition. Here, we examined the effect of 
ATP on photophosphorylation by thiol-modulated thyl- 
akoids at the same clamped ApH of 2.5. In order to 
recognize the inhibition type, the concentrations of ADP or 
phosphate, respectively, were varied at a low and a high 
concentration of the respective cosubstrate in absence and 
presence of 470 /xM ATP. For obvious reasons, the ADP- 
regenerating system which was routinely present in the 
previous experiments was omitted and the rates were 
corrected for the amount of substrate consumed uring the 
reaction [16]. No correction was necessary for the back 
reaction (ATP hydrolysis), which was found to be insignif- 
icant at the employed ApH. The data (Fig. 4) clearly show 
competitive inhibition of phosphorylation by ATP with 
respect o both ADP and phosphate, which strongly con- 
firms a random mechanism. In a compulsory order of 
substrate binding, the reaction product would be competi- 
tive with regard to the leading substrate, but not to the 
following substrate. The random mechanism is furthermore 
supported by the finding that the competitive effect is 
much more pronounced at low than at high concentration 
of the cosubstrate (Fig. 4). Competitive inhibition of 
photophosphorylation by ATP with regard to ADP was 
found previously. However, the measurements were car- 
ried out at high light intensity and high phosphate concen- 
tration [24]. Accordingly, the apparent inhibition constant 
obtained was rather high (mM range). 
Thus, the theoretical evaluation of the above results 
50 100 50 100 
II[ADP] (mM -1) 
1Iv 
100 
5O 
0.10 mM ADP 1Iv 
100 
50 
0.49 mM ADP 
I/[Pi] (mM -1) 
Fig. 4. Lineweaver-Burk plots of photophosphorylation withthiol-mod- 
ulated thylakoids at clamped ApH of 2.5 as function of ADP concentra- 
tion (upper part) and phosphate concentration (lower part), respectively, 
in the absence (open circles) and presence of 470 #M ATP (filled 
circles). The concentrations of phosphate (upper part) and ADP (lower 
part), respectively are indicated. The values are means of four to six 
independent experiments. 1/v is given in (mg Chl) h (mmol ATP) -1 . 
assumes ATP to be a competitive inhibitor with regard to 
both substrates, ADP and phosphate. If the inhibition 
constant is K ATP, the extended rate equation yields: 
v = {KiATP[ADP][ Pi ]Vmax} 
/{o~K~°P(KATP[Pi] + K~K ATP + KdP[ATP]) 
+ KiATP [ADP] ([Pi] + °~KdP)} 
If the apparent Michaelis constant for ADP at a given 
concentration [P~]piS designated as above K~ ADP in the 
absence and K"  in the presence of product at a concen- 
tration [ATP], the inhibitor constant K( ~TP is calculated by 
the equation: 
K'ADPKP [ATP] 
Ki ATP= (K~ADP K~nADP)([pi] + KP) ' 
Table 2 
Inhibitor constant for ATP calculated from the results of Fig. 4 
[ADP] varied [Pi] varied 
1 mM Pi 5 mM Pi 0.1 mM ADP 0.49 mM ADP 
K~ TP [ ~M] 27 37 27 32 
For the calculation the following mean values obtained from Table 1 
were employed: Kd ADP = 16 /.LM, Kff = 245 /.*M. 
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In the inverse xperiment (variation of the concentration 
of substrate B), the inhibitor constant is analogously ob- 
tained. 
The values for K~n ADP, K~ ADp, K~ P and gm P were 
obtained from Fig. 4, gd ADP and K P were mean values 
taken from Table 1. The inhibition constant thus calculated 
for ATP obtained from the results of the four experiments 
of Fig. 4 is between 27 and 37/xM (Table 2). The g ATP 
in ATP hydrolysis ('light-triggered ATPase') determined 
by the ApH clamp technique was found to be about 75 
/xM and independent of ApH [20]. 
4. Discussion 
The symmetric kinetic patterns obtained upon mutual 
variation of the two substrates ADP and phosphate as well 
as the competitive kinetics of product inhibition indicate a 
random mechanism of chloroplast photophosphorylation at 
a clamped zlpH of 2.5. The application of a rapid equilib- 
rium random model for the calculation of the kinetic 
parameters yielded satisfactory quantitative agreement be- 
tween the different series (Table 1). On the basis of similar 
studies, a random order of substrate binding was also 
concluded for oxidative phosphorylation of submito- 
chondrial particles [13] and inside-out plasma membrane 
vesicles of Paracoccus denitrificans [14]. However, an 
ordered sequence, with ADP preceding the binding of 
phosphate, was proposed for photophosphorylation on the 
basis of inhibitor studies with analogues of phosphate and 
ADP [12]. Thiophosphate was found to be a competitive 
inhibitor with regard to inorganic phosphate, but an un- 
competitive inhibitor with respect to ADP. The /3- 
thiophosphate analogue of ADP, which is not a substrate in
photophosphorylation [28], was a competitive inhibitor 
with regard to ADP at high phosphate concentration, but a 
non-competitive inhibitor with regard to ADP at low phos- 
phate concentration and a non-competitive inhibitor with 
regard to phosphate [12]. The complex kinetics, which may 
partially be due to the fact that the proton gradient was not 
controlled, actually require additional assumptions [12] to 
fulfill an ordered mechanism. Thus, this conclusion must 
be regarded with some reservation. 
The above model, which employs only one catalytic 
site, is simplified. It is known that at least two active sites 
participate in catalysis [6]. However, as the first site is 
saturated at very low substrate concentrations [29,30] and 
uni-site catalysis is quantitatively insignificant, the applica- 
tion of a bisubstrate Michaelis-Menten model may be 
justified for the 'physiological' substrate concentration 
ranges employed . The results confirm such a model with 
good approximation. The proposed random mechanism is
compatible with the results on 180 exchange [6]. Early 
reports that chloroplast ATPase catalyzed ATP-P i ex- 
change, but very low ATP-ADP exchange [31], spoke in 
favor of an ordered mechanism with ADP as the leading 
substrate. However, the subsequent finding that the ATP-P i 
exchange is not an exchange reaction in strict sense but the 
result of ATP-driven rephosphorylation f free ADP [7], 
has invalidated this argument. The lack of extensive ATP- 
ADP exchange may be due to the fact that at low ApH, 
micromolar concentrations of ADP effectively deactivate 
CFoCF 1 [1]. 
The proton gradient is not only the driving force of 
phosphorylation but also an activator of the proton translo- 
cating ATPase [1,18,32]. The ApH profiles of the two 
processes are different; furthermore, the ApH profiles of 
activation are strongly dependent on thiol modulation [32], 
and on the presence of effectors like ADP and phosphate 
[18]. The oxidized enzyme shows 50% activity at ApH 
values well above 3, but after thiol modulation the activa- 
tion curve is shifted towards lower values by at least one 
ApH unit [32]. As the ApH curve of the catalytic reaction 
is intermediate, photophosphorylation at moderate proton 
gradients is limited by enzyme activity if the enzyme is 
oxidized, but limited by the driving force if the enzyme is 
in the reduced form [32]. 
At light and substrate saturation, we found, in accor- 
dance with other authors [32-34], phosphorylation rates in 
the range of 1400 /xmol ATP/mg Chl per h, both at 
modulated and non-modulated CFoCF r The rates at satura- 
tion of ADP and phosphate and a ApH of 2.5 thus account 
for about 30% of the absolute maximal rate in the case of 
reduced enzyme, but less than 10% in the case of the 
oxidized enzyme. Nevertheless, the kinetic constants (Kin, 
K d) were largely identical (Table 1), suggesting that thiol 
modulation does not change the catalytic properties of 
CFoCF 1. It is well known that the thiol-modulated nzyme, 
but not the demodulated enzyme is capable of catalyzing 
coupled ATP hydrolysis ('light-triggered ATPase'), 
whereas both forms can catalyze ATP formation. This fact 
is probably not due to a mechanistic difference (e.g., 
different H+/ATP stoichiometries) between the two en- 
zyme forms, but may be explained by the opposite ner- 
getic and kinetic effects of the proton gradient. ApH 
inhibits ATP hydrolysis energetically on one hand, but 
activates the enzyme on the other hand. Only when CFoCF 1 
is in the reduced form is the gradient necessary to support 
enzyme activity low enough to permit appreciable rates of 
ATP hydrolysis energetically [35]. 
Although the results reported here do not allow conclu- 
sions about the energy-linked reaction step(s) in proton 
transport-coupled phosphorylation, this important question 
should be briefly addressed. The ApH independency of the 
Michaelis constants [10,19,36] initially called into question 
whether the rate-limiting ApH-dependent s ep really can 
be the binding of the substrates and the release of the 
product ATP as proposed by the 'energy-linked binding 
change mechanism' [6]. However, the subsequent finding 
that the dissociation constants for ADP and Pi decrease 
with the increase of ApH and that the ApH dependency of
the dissociation constants was the same as the ApH depen- 
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dency of overall ATP formation [20], indicated that the 
increase of affinity for the first of the two substrates that 
bind to the active center is at least one relevant ApH-lin- 
ked reaction in photophosphorylation. 
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